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School of Mechanical and Aerospace Engineering 
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By taking advantage of the superior material properties and high aspect ratio 
geometry of nanocarbon materials, many researchers have been able to devote 
their efforts toward the development of nanocarbon emitters, which are 
capable of providing low turn-on voltage, high emission current density and 
long-term emission stability. Electron beams of field emitter are widely 
employed in various applications, including X-ray photography and 
computed tomography (CT) scans in hospitals, fault detection of 
semiconductor devices, airport security, and terahertz generation. Moreover, 
electron beam generators are progressively becoming more miniaturized, 
light-weighted, and low-powered so that they can be applied to diverse areas. 
For a high performance field emitter, new concept of field emitter is needed 
to overcome the previous research. In this thesis, four novel approaches are 
developed in terms of fabricating the multidimensional field emitters. 
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1) CNT point emitter with graphene interfacial layer: we report graphene as 
an interfacial layer between the metal and CNTs to improve the interfacial 
contact. The interfacial graphene layer results in a dramatic decrease of the 
electrical contact resistance by an order of 2 and an increase of the interfacial 
thermal conductivity by 16%. Such a high improvement in the electrical and 
thermal interface leads to superior field emission performance with a very 
low turn-on field of 1.49 V μm−1 at 10 μA cm−2 and a threshold field of 2.00 
V μm−1 at 10 mA cm−2, as well as the maximum current of 16 mA (current 
density of 2300 A cm−2). 
2) CNT line emitter using clamping process: we report a robust and scalable 
method to fabricate high-performance carbon nanotube (CNT) line emitters 
by using a macroscopic mechanical clamping process. The process utilizes a 
handheld, metallic tongs (which also serves as an electrode for field emission) 
to pick up vertically aligned, super-grown CNTs from a substrate. By 
applying mechanical compression to a CNT forest in the uniaxial direction, 
the hemicylindrical shape of CNT structure strongly held with the tongs 
electrode is fabricated. With robust mechanical, thermal, and electrical 
contact characteristics created by mechanical clamping of CNTs, the CNT 
line emitter shows superior field emission performance with an emission 
current of 43 mA, a current density of 2700 mAcm-2, and stable operation 
over 10 hours. Furthermore, an extremely high emission current of 103 mA 
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is achieved by clamping multiple CNT forests in a single tongs, showing 
prompt applicability of the present emitter for high-power electron beam 
sources. 
3) Holey graphene film as a planar field emitter: we introduce an emitter in 
the shape of a hole, or hole emitter. An array of holes in graphene film can 
serve as a planar emitter, in which each circular hole is an emitter. Because of 
the nature of the sidewall emission through the edge of graphene film, the 
present planar emitter does not need any cumbersome process of leveling off 
emitter height and contriving to obtain the desirable inter-distance between 
emitters. Therefore, the screening effect and the field emission uniformity 
considered as obstacles in developing high efficiency planar emitters are 
easily resolved by an optimal design of the circular hole array. Moreover, the 
graphene film emitter is so flexible that it can be wrapped around a 
cylindrically shaped anode. This flexibility allows the present emitter to be 
used as a high power electron beam source because of the focusing of the 
emitted electron beams rendered by the concavely curved surface. 
4) Carbonized cork emitter for multi-dimensional field emission: to broaden 
the range of application of electron beams, low power field emitters are 
needed that are miniature and light. We introduce here carbonized cork as a 
material for field emitters. The light natural cork becomes graphitic 
honeycomb upon carbonization, with the honeycomb cell walls 100-200 nm 
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thick and the aspect ratio larger than 100, providing an ideal structure for the 
field electron emission. Compared to nanocarbon field emitters, the cork 
emitter produces a high current density and long-term stability with a low 
turn-on field. The nature of cork material makes it quite simple to fabricate 
the emitter. Furthermore, any desired shape of emitter tailored for the final 
application can easily be prepared for point, line, or planar emission. 
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Chapter 1. Introduction 
 
Electron beams are widely employed in various applications, including X-ray 
photography and computed tomography (CT) scans in hospitals, fault 
detection of semiconductor devices, airport security, and terahertz 
generation.1-3 Moreover, electron beam generators are progressively 
becoming more miniaturized, light-weighted, and low-powered so that they 
can be applied to diverse areas.  
In most general sense, electron emission results from directing energy in the 
form of light, heat, high electric field, of collisions to a material in such a way 
that electrons within he material are given enough energy to overcome an 
energy barrier or work function. There are generally two type of the electron 
emission depending on the methods of energy transfer to the electrons. One 
is thermionic emission, which can emit electron from the surface, resulting 
from the surface are heated to high temperature about 1,000 ℃. The other is 
called the field emission. The strong local electric field applied on the surface 
extract the electrons even at the zero temperature.  
Although thermionic emission, an emission resulting from heating a source 
to a high temperature, is the most common way of generating an electron 
beam, it is yet to overcome disadvantages such as high power consumption, 
complicated structure, and difficulty in operation.4, 5 Unlike the thermionic 
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emitter, it is not necessary to heat the tip, which presents many advantages 
over thermionic emission. As field emitters do not require heating to generate 
electrons, they are more energy efficiency. The cold nature of the emission 
prevents thermal drift of the cathode, allowing better and more stable electron 
focusing. Recently, most attempts to use field emission in high performance 
field emitter (high current density, high total current, low turn-on field) have 
been unsuccessful because of the screening effect and insufficient height 
leveling due to the random structure.  
Carbon-based nano-materials have been utilized to relieve these limitations. 
With excellent mechanical, electrical, and thermal properties of these carbon-
based materials, and their natural sharp edges that are highly suitable for 
focusing electric fields, excellent field-emission performance should result 
such as low turn-on electric field, high emission current density, and long-
term stability.6-8 In particular, CNT and graphene, a sheet consisting of sp2-
hybridized carbon atoms, is receiving much attention due to its superior 
electric field enhancement capability, originating from the atomically sharp 
edges of its structure.9, 10  
Various methods have been developed to form a structure that is suitable for 
field emission such as direct growth, electrophoretic deposition (EPD), ion-
mediated assembly (IMA), spin coating, screen printing, and transfer 
processes.11-24 These methods, however, require a high-temperature chemical 
  3 
vapor deposition (CVD) process, a complicated oxidation process to make 
the solution, or a cumbersome transfer process which makes fabrication very 
difficult. The nanocarbon sheets in the structure fabricated by these methods 
are usually randomly oriented and the protruding sheets cause a local 
concentration of electric field, leading to excessive field emissions and 
eventually destruction due to Joule heating.25, 26 Presence of randomly 
oriented dense sheets, on the other hand, decreases the electric field due to 
screening effect,27-29 resulting in an inefficient electric field distribution and 
hence imposing a limit on the field emission enhancement.  
In this thesis, we have evaluated the figure of merit of field emitter in terms 
of current density and turn-on field. (Figure of merit =  𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑑𝑑𝑐𝑐𝑐𝑐𝑑𝑑𝑖𝑖𝑐𝑐𝑖𝑖
𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐−𝑜𝑜𝑐𝑐 𝑓𝑓𝑖𝑖𝑐𝑐𝑓𝑓𝑑𝑑
) In 
addition, we have conducted to enhance the total current of field emitter for 
commercial applications. To accomplish the intended goal, four novel 
approaches are developed in terms of fabricating the field emitters of high 
figure of merit and total current. With the features of high figure or merit and 
total current comparable to commercial devices, the nanocarbon field emitter 
introduced here would broaden the range of electron beam applications and 
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Figure 1-1. The figure of merit of nanocarbon field emitter as a function of 
the total current.11-24, 139-149 
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Chapter 2. CNT point emitter with graphene 
interfacial layer 
 
Carbon nanotubes (CNTs) have great potential in the development of high-
power electron beam sources. However, for such high-performance electronic 
device, the electric and thermal contact problem between metal and CNTs 
must be improved. To achieve high figure of merit and high current, we have 
investigated the point type 1-D structure for high field enhancement factor 
and the interfacial layer for better contact. Here, we report graphene as an 
interfacial layer between metal and CNTs to improve the interfacial contact. 
The interfacial graphene layer results in dramatic decrease of electrical 
contact resistance by an order of 2, and the increase of the interfacial thermal 
conductivity by 16%. Such a high improvement in electrical and thermal 
interface leads to the superior field emission performance with a very low 
turn-on field of 1.49 V/μm at 10 μA/cm2 and a threshold field of 2.00 V/μm 
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2.1 Background of CNT point emitter 
 
By taking advantages of the superior material properties and high aspect ratio 
geometry of CNT (carbon nanotube) 30, a great deal of research has been 
devoted to the development of CNT point emitters which are capable of 
providing low turn-on voltage, high emission current density and long-term 
emission stability 31-35. Extremely high current density of the point emitter 
plays an essential role of a sufficient power source in microwave amplifier 
tubes, high-resolution electron-beam instruments and X-ray sources 36.  
A CNT point emitter generally has a configuration of one-dimensional CNT 
structure at a conductive metal tip. The adhesion method of CNTs at a metal 
tip is appropriate for the fabrication of the point emitter when considering the 
quality issues of CNTs in the growth method 37, 38. The CNT point emitters 
based on the adhesion method were fabricated either by the wet-spinning of 
CNT fibers 39, the crystal-like growth method 40, or attaching CNTs using 
dielectrophoresis 41 utilizing well-dispersed CNT colloidal solutions. 
However, the method usually results in emitters with high thermal and 
electrical contact resistances between metal and CNT, which seriously 
degrade field emission performances of the emitters 42-44. High electrical 
contact resistance not only increases electric field for electron emission but 
also causes electrical Joule-heating at the contact interface. High thermal 
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contact resistance frequently decreases life time of the emitter due to 
sublimation of CNTs 20, 45. 
Various efforts have been devoted to improve the electric and thermal 
interfaces between metal and CNTs. The efforts include metal welding to 
CNTs using ultrasonic bonder 46, an additional carbon layer deposition using 
EBID (electron beam-induced deposition) 47 and depositing graphitic layer 
via heat treatment at the temperature above 880 K 48. Though various methods 
49, 50, in addition to those mentioned above, could reduce the electrical contact 
resistance by an order of 1 to 3; however no attempt was made at reducing 
thermal resistance. In addition, they usually require high temperature process 
or additional cumbersome treatments. A simple and effective method to 
improve the interface between metal and CNTs is necessary. 
In the present study we have investigated graphene as an interfacial layer 
between metal and CNT to improve the interfacial contact properties. Single 
layer graphene has remarkable electron mobility (~150,000 cm2/V•s) and 
thermal conductivity (~3,100 – 5,300 W/m•K) 51, 52. Moreover, since 
graphene is a two dimensional material and basically consists of the same 
atomic structure as CNT, exhibiting a similar work function of ~4.5 eV 53, 54, 
graphene has a great potential for the interfacial layer to improve the electric 
and thermal interfaces between metal surface and CNTs. Adopting graphene 
to interfacial layer between metals and CNTs, we successfully achieved a 
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dramatic decrease of electrical contact resistance by an order of 2, and the 
increase of the thermal conductivity by 16%. The performance of CNT point 
emitter including the graphene interfacial layer is also greatly improved. 
 
2.2 Experimental section 
 
SWNTs (ASP-100F, Hanwha Nanotech Corp.) were sonicated in HNO3 
(nitric acid) for 1 hour. The wet acid treated SWNTs were mixed with 
deionized water for neutralization. Then the mixture filtered on a membrane 
filter (Millipore, 0.2 μm pore size, 47 mm diameter) with a vacuum filtration 
method. The SWNTs which dried in a vacuum chamber at 80°C and sodium 
tungstate (Na2WO4•2H2O, Sigma Aldrich) dissolved in an organic solvent of 
N,Ndimethylformamide (DMF) with 0.1 mg/ml on sonicator for 10 hour. 
Meanwhile, a 300 μm copper wire (The Nilaco Corporation, Japan) was 
electrochemically etched in KOH solution (1.5 M) with an applied voltage of 
20 V to produce a sharpened copper tip. 
Graphene monolayer was grown on 300 μm copper (Cu) wires using low-
pressure chemical vapor deposition. Briefly, copper wire was annealed at 
1000°C at 0.1 Torr with a H2 flow of 6 sccm for 30 min, and then CH4 (105 
sccm) introduced for 20min. After growth, copper wires were cool down to 
room temperature while the gas was maintained. 
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The copper tip is submerged in n,n-DMF solution consisting of CNT and 
sodium tungstate, and then electric current of 1 mA is applied. Due to the 
applied bias between the copper tip and counter electrode, negatively 
charged CNTs gather around the copper tip with WO42-. After the 
submergence of 5 minutes, the copper tip is extracted and a droplet 
including CNT and WO3 composite is formed at the end of the copper tip. 
The droplet is in the form of a gel and moved to have a contact with the 
teflon surface, resulting in vertically aligned one-dimensional composite 
structure after drying process. 
The field emission characteristics were measured at room temperature under 
3×10-7 Torr. A voltage between the CNT cathode and an anode was applied 
using DC power supply (Matsusade Precision INC.). The plate-shape 
molybdenum (Mo) was used as the anode. The emission current was 
measured by using a multimeter (KEITHLEY 2000). The distance between 
cathode and anode was fixed at 500 μm by separator. SEM analysis was 
performed using a Hitachi S-4800 field-emission electron microscope at an 
acceleration voltage of 10-15 KeV. Raman spectra were obtained using a 
micro Raman system (JY-Horiba, LabRam 300) with a 50X objective lens 
(Olympus, NA 0.75). 
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2.3 Result and discussion 
 
A CNT point emitter was fabricated by the crystal-like growth method 40, 55 
using a copper wire tip as shown in Figure 2-1. The tip of the copper wire was 
sharpened by electro-chemical etching 56 (Figure 2-1(a)) followed by a 
graphene synthesis on the wire using CVD process with H2 and CH4 gas flows 
at 1000°C (Figure 2-1(b)) 57. Figure 2-1(c) shows the experimental procedure 
to fabricate the CNT point emitter based on single-walled CNT (SWNT) 
colloidal solution mixed with sodium tungstate40. The SWNTs have a length 
of 5-10 μm and the average bundle diameter of SWNTs is determined from 
transmission electron microscopy (TEM) analysis as being 7 nm (Figure 2-2). 
Upon applying bias between copper tip and counter electrode, CNTs 
negatively charged through purification process and WO42- migrate to the 
copper tip. WO42- changes into WO3 during the plating process, encouraging 
tight contact between adjacent CNTs as well as CNT and graphene surface. 
An electron probe microanalysis (EPMA) technique reveals that the tungsten 
and carbon are uniformly distributed all over the composite structure in which 
the WO3 was electroplated on the SWNT wall 40. After electroplating process, 
the copper tip is withdrawn with a droplet including CNT and WO3 composite. 
The droplet is placed on a Teflon surface to constrain the free end of droplet, 
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resulting in a straight one-dimensional composite structure after solvent 
evaporation. 
The composite structure is finally detached from the Teflon surface as shown 
in Figure 2-1(d), then the resulting emitter has a cylindrical geometry with a 
diameter of ~30 μm, of which the length can be controlled by adjusting the 
plating time 40. The “nail head” geometry (see the tip of the CNT emitter in 
Figure 2-1(d)) is formed due to the contact-drying process that is necessary 
to make the structure straight. The “nail head” can be removed by a post-
processing treatment. As shown in the inset of Figure 2-1(d), the CNTs are 
well aligned along the emitter axis. CNTs, which are randomly dispersed in 
the solution, are aligned in the direction of the emitter during the crystal-like 
growth process 40. Since the alignment is made in the direction of electron 
path during the field emission, the self-alignment helps to enhance 
performances of the emitter.  
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Figure 2-1. (a) An optical image of sharpened copper wire using electro-
chemical etching process. (b) Schematic drawing to fabricate the graphene 
growth by chemical vapor deposition (CVD). (c) Optical images of carbon 
nanotube point emitter through crystal-like growth method. (Inset shows 
Schematic drawing of crystal-like growth method) (d) SEM image of the 
point emitter that is comprised of aligned carbon nanotube with one direction. 
 
 
Figure 2-2. Transmission electron microscopy (TEM) image of the SWNT 
bundle.  
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It is the most important step in the present study that the high quality graphene 
is uniformly synthesized on the surface of the copper wire before the crystal-
like growth of the CNT emitter. The inset of Figure 2-3(a) shows the optical 
image of the copper wire after the synthesis of graphene layer. To confirm a 
graphene layer on the copper wire, Raman analysis was carried out as shown 
in Figure 2-3(a). The Raman peaks characteristic of G-band (~1579 cm-1) and 
2D-band (~2693 cm-1) of graphene are clearly observed over a broad 
background signal of copper. Almost identical Raman characteristics were 
observed along the length direction of Cu wire including the cone-shaped 
region, confirming the uniform growth of graphene on the wire (Figure 2-4). 
The graphene was transferred onto a silicon substrate to exclusively analyze 
the characteristics. The inset of Figure 2-3(b) shows the optical image of the 
graphene transferred to a silicon substrate after etching the copper wire and 
drying it at ambient condition. The cylindrical structure of the graphene 
wrapping around the copper wire was collapsed into a ribbon geometry during 
the transfer process. The Raman spectra of the transferred graphene are shown 
in Figure 2-3(b). The intensity of the D band at ~1350 cm-1 is negligible and 
the 2D/G ratio was estimated to be ~2.1, indicating that 1 or 2 layers of high 
quality graphene was successfully synthesized on the copper wire 58. Atomic 
force microscopy (AFM) study also revealed a thickness of ~1 nm for the 
graphene layer, as determined by the Raman analysis (Figure 2-5).  
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Figure 2-3. (a) Raman spectrum of graphene on copper tip obtained by 532-
nm photo-excitation. (Inset shows an optical image of copper wire after 
graphene growth.) (b) Raman spectrum of transferred graphene on silicon 
substrate obtained by 532-nm photo-excitation. (Inset shows an optical image 
of transferred graphene to silicon substrate.) 
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Figure 2-4. Raman spectra along the length direction of Cu wire. 
. 
 
Figure 2-5. AFM image of the transferred graphene onto SiO2 substrate.  
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The effectiveness of graphene interfacial layer for electrical and thermal 
contacts was demonstrated as shown in Figure 2-6. The total electrical 
resistance of the CNT point emitter consists of the resistances of copper wire, 
CNT structure and the interfacial contact resistance between the copper tip 
and CNTs, as schematically described in the inset of Figure 2-6(a). The 
contact resistance was evaluated by subtracting resistances of the copper wire 
and the CNT structure from the total resistance of the emitter. The contact 
resistance of the emitter without graphene was 2.39 kΩ, which corresponds 
to most of the total resistance (2.40 kΩ), while the emitter with the graphene 
interfacial layer shows 25 Ω of the total resistance, having a very low contact 
resistance of 14 Ω. It is noteworthy that the contact resistance of the emitter 
with the graphene interfacial layer is 2 orders of magnitude lower than that 
without the layer. 
Since the field emission stability of a CNT emitter is degraded by sublimation 
of CNTs at the end of the emitter, high thermal conductivity of the emitter is 
very important so that it rapidly dissipates heat generated during emission. 
The thermal interfacial resistance of the present emitter was investigated by 
comparing the thermal conductivity of the emitter with and without graphene 
interfacial layer as shown in Figure 2-6(b). The emitters with and without 
graphene interfacial layer prepared with the same geometry (i.e., the emitter 
length and diameter), were placed in a vacuum chamber (~ 10-3 torr) to 
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minimize heat convection effect of air. The controlled temperature was 
applied to the end of the copper wire using electrical Joule-heating of 
chromium wire (see the inset of Figure 2-6(b)). The temperatures of copper 
wire (T1) and the CNT emitter tip (T2) were measured using a thermocouple 
by making a contact with thermally conductive epoxy. Figure 2-6(b) shows 
the temperature differences (ΔT = T1-T2) with respect to the applied 
temperature to the copper wire. The thermal conductivity ratio can be 
expressed as the inverse of the temperature change ratio (Kw/Kw/o = 
ΔTw/o/ΔTw) based on heat conduction equation, where K represents thermal 
conductivity and the subscripts w and w/o denote with and without graphene 
interfacial layer, respectively. The temperature change shows linear 
relationship with respect to the applied temperature. It is noteworthy that the 
use of graphene interfacial layer increases thermal conductivity of the emitter 
by 16% as shown in Figure 2-6(b).  
In metals with poor wettability such as Pt, Ni, Ag, and Cu, the contact barrier 
(such as vacuum gap, surface oxides) is easily formed between metal and 
CNT 59. Van der Waals force is not large enough to make complete physical 
contact between copper and CNT, as previously observed in dewetting 
phenomena of CNT and metal contacts 60, 61, where an atomic-level vacuum 
gap was observed. The atomic-level vacuum gap results in large electrical 
contact resistance 62. However, if we prepare copper with the surface covered 
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by synthesized graphene layer through carbon segregation and/or 
precipitation process, the graphene automatically has maximized contact area 
with copper. Moreover, the graphene has not only ohmic contact with CNT 
because of almost identical work function but also large contact area with 
CNT due to the van der Waals forces and π-π stacking interactions 63, 64. As a 
consequence, the adoption of graphene interfacial layer results in very low 
contact resistance of the emitter. 
To confirm the effect of contact area between copper and CNTs, we prepared 
three specimens with different stacking sequences: 1) copper and CNT, 2) 
copper, transferred graphene and CNT, 3) copper with synthesized graphene 
and CNT, and measured their electrical contact resistance as shown in Figure 
2-6(c-d). The CNT layer is simply stacked by placing a thin CNT film on the 
specimens. The contact resistance between copper and CNT with synthesized 
graphene interfacial layer is 150 times lower than that without the graphene 
layer, and 10 times lower than that with transferred graphene interfacial layer. 
The lower contact resistance with graphene layer than without graphene layer 
could be attributed to the increased contact area and π-π stacking interactions 
due to graphene interfacial layer. Moreover, it is clear that the synthesized 
graphene interfacial layer allows larger contact area between copper and 
graphene than the transferred graphene layer. It is believed that metal-based 
contamination or wrinkles occurred during the wet transfer process adopted 
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in this test causes physical gap between the copper and the transferred 
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Figure 2-6. (a) Graph shows the change of resistance due to the graphene 
interfacial layer. (Inset shows three electrical resistance components: RM is 
resistance of copper wire, RI is interface resistance and RE is resistance of 
point Emitter. (b) Graph shows the improvement of heat conductivity by 16 % 
with the graphene interfacial layer. (Inset shows schematic drawings of 
thermal conductivity measurement.) (c) Schematic drawing and optical image 
to measure the electrical contact resistance. (d) Comparison of contact 
resistance between the copper and CNT with and without graphene layer 
(Gr(T) is transferred graphene layer, and Gr(A) is as-grown graphene layer.) 
  
  21 
The improved interface with graphene layer may enhance the field emission 
performance of the present emitter. The effect of adopting graphene layer to 
the emitter was investigated with respect to field emission performance. The 
nail head geometry of the emitter tip shown in Figure 2-1(d) results from a 
pinning effect and capillary flow in which contact line of the drying column 
on the Teflon surface is replenished by solvent from the interior as the solvent 
evaporates from the edge. The nail head geometry at the tip of the emitter is 
not desirable for a point emitter because it degrades electric field 
concentration and structural robustness. EDM (electric discharge machining) 
process could be utilized to remove the nail head 55. However, a very high 
current (~7 ampere) that passed through the CNT emitter might degrade the 
electrical properties of CNT emitter. Thus, we adopted focused ion beam (FIB) 
treatment to remove the nail head. It was severed from the emitter by the 
irradiation of Ga ion beam with high energy. The emitter without the nail head 
is clearly shown in the SEM image of Figure 2-7(b) which has a diameter of 
30 μm. From the SEM observation of Figure 2-7(c), the severed surface is 
formed in a very consistent and regular manner, textured in the direction of 
beam irradiation. Raman analysis was carried out to investigate the effect of 
FIB treatment on the surface of the CNT emitter tip. In the Raman spectra of 
the emitter before and after the FIB treatment, the change of G/D ratio is 
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insignificant. The slight increase of D peak could be attributed to physical 








Figure 2-7. (a) Scanning electron micrograph of the pristine emitter with nail 
head. (b) Scanning electron micrograph of the emitter with the nail head 
removed by FIB treatment. (c) The close up scanning electron micrograph of 
the cross-section area with FIB treatment. Inset image shows the trace of Ga 
ion during FIB treatment. (d) Raman spectra obtained by 532-nm photo-
excitation at the cross-section area of carbon nanotube point emitter of two 
cases, before FIB and after FIB treatment. 
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Figure 2-8 shows the field emission characteristics of the CNT point emitters. 
The distance between cathode tip and anode (d) was used to calculate the 
macroscopic field (E=V/d, where E and V represents an applied electric field 
and voltage) 33. It is noteworthy as shown in Figure 2-8(a) that the turn-on 
field (Eon: 1.49 V/μm at 10 μA/cm2) and the threshold field (Eth: 2.00 V/μm 
at 10 mA/cm2) of the emitter with graphene interfacial layer are considerably 
lower than those without graphene interface (Eon: 2.74 V/μm, Eth: 3.25 V/μm). 
Moreover, the maximum current of the emitter with graphene interfacial layer 
reaches up to 16 mA which corresponds to the current density of 2,300 A/cm2, 
while it is 6 mA for the emitter without graphene interface. It is obvious that 
the improved electrical and thermal contacts between the copper wire and the 
CNT emitter are responsible for the enhancement of the emission 
performance. Figure 2-8(b) shows Fowler-Nordheim (F-N) curves of the 
emission and the slope of F-N curve represents field enhancement factor of 
an emitter. The field enhancement factor of 2,120 for the emitter with 
graphene interfacial layer is almost two times higher than that of 1,180 for the 
emitter without graphene interface. The CNT emitter with high electrical and 
thermal conductivity is attributed to the excellent field emission 
characteristics. Moreover, it is interesting that two distinct behaviors 
regarding F-N curves were observed. The field enhancement factor of the 
emitters with and without graphene interface is almost linear in low field 
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region. However, it turns into nonlinear in the region of high electrical field 
because of thermally enhanced electron emission due to Joule-heating of the 
carbon nanotube 67. Joule-heating at the tip of the emitter, which may exceed 
up to 1,000 K, adds thermionic emission current to the field emission, 
enhancing the overall emission performance 68. 
The emission stability of the present emitter was investigated by continuously 
performing emission with a current of 1-5 mA for 10 hours, as shown in 
Figure 2-8(c) and (d). The current is not stable during the test in the emitter 
without graphene interface and considerable degradation was observed, for 
instance, 30% in 1 mA, 50% in 3 mA and 56% in 5 mA after 10 hours 
operation (Figure 2-8(c)). As shown in Figure 2-6(a) and (b), the emitter 
without graphene layer has high electrical and thermal resistance, especially 
at the interface. At a given field emission current for stability tests, the emitter 
without graphene layer demands higher electric field compared to that of the 
emitter with graphene layer, which in-turn leads to severe heat accumulation. 
It might lead to oxidize and/or severely degrade the emitters by Joule-heating 
69. However, the emission stability is significantly improved when the emitter 
with graphene interfacial layer was used as shown in Figure 2-8(d). The 
reasonably small degradation in the current was observed after 10 hours 
operation such as 15% in 1 mA, 23% in 3 mA and 30% in 5 mA. 
  




Figure 2-8. (a) I-V plots of point emitter with and without graphene interfacial 
layer. (Inset shows J-E plot with logarithmic current density) (b) Fowler-
Nordheim plots of field emission characteristics (I-V plot). (c, d) Field 
emission stability test of the emitter without and with graphene interfacial 
layer. 
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2.4 Conclusion 
 
The contact interface involved in fabricating a CNT point emitter is one of 
the important issues to be resolved. In the present study the adoption of 
graphene as an interfacial layer between metal and CNT has been investigated. 
High quality graphene was uniformly grown on a copper wire. The interfacial 
graphene layer results in dramatic decrease of electrical contact resistance by 
an order of 2, and the increase of the interfacial thermal conductivity by 16%. 
Such a high improvement in electrical and thermal interface leads to the 
superior field emission performance with a very low turn-on field of 1.49 
V/μm at 10 μA/cm2 and a threshold field of 2.00 V/μm at 10 mA/cm2, as well 
as the maximum current of 16 mA (current density of 2,300 A/cm2). The 
emitter also shows stable emission characteristics with a high current of 5 mA 
(700 A/cm2) for 10 hours. 
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Chapter 3. CNT line emitter using clamping process 
 
We report a robust and scalable method to fabricate high-performance carbon 
nanotube (CNT) line emitters by using a macroscopic mechanical clamping 
process. To achieve high figure of merit and total current, we have 
investigated the vertically aligned, super-grown CNTs for high current 
emission. The process utilizes a handheld, metallic tongs (which also serves 
as an electrode for field emission) to pick up vertically aligned, super-grown 
CNTs from a substrate. By applying mechanical compression to a CNT forest 
in the uniaxial direction, the hemicylindrical shape of CNT structure strongly 
held with the tongs electrode is fabricated. With robust mechanical, thermal, 
and electrical contact characteristics created by mechanical clamping of 
CNTs, the CNT line emitter shows superior field emission performance with 
an emission current of 43 mA, a current density of 2700 mA/cm2, and stable 
operation over 10 hours. Furthermore, an extremely high emission current of 
103 mA is achieved by clamping multiple CNT forests in a single tongs, 
showing prompt applicability of the present emitter for high-power electron 
beam sources. 
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3.1 Background of CNT line emitter 
 
Many researches have clearly revealed that an individual carbon nanotube 
(CNT) is an excellent electron field emitter with a low turn-on field for 
emission, high emission current density, and long-term emission stability 70-
74. The superior emission characteristics stem from the unique one-
dimensional structure and the extraordinary properties of CNT 30, 75-77. 
Recently, various efforts have been made to enlarge the applicability of CNT 
emitters to industrial applications, including microwave amplifier tubes, 
high-resolution electron-beam instruments, X-ray, and terahertz power 
sources 36, 78, 79. The structural geometry of the CNT emitter is also extended 
to non-planar prototypes by demonstrating wrappable CNT fiber, yarn, and 
sheet cathodes for field emission applications 80-82. These recent advances in 
the CNT emitter have been synergistically accomplished with the 
development of macroscopic architectures based on assembled CNTs. 
Various macroscopic forms of CNTs have been produced, including fibers, 
yarns, films, sheets and foams 80-85. Each structure shows a unique geometry 
and functionality depending on the manner in which CNTs are assembled 86, 
87. The properties of individual CNTs are unrivaled by any other material; 
however, it has proven difficult to simultaneously retain the intrinsic property 
of CNT at engineering-relevant scales because of the assembly and the related 
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interface issues 88-90. Moreover, several parameters need to be considered to 
design a high-performance CNT emitter, including not only the orientation, 
aspect ratio, uniformity, and density of CNTs, but also the physical contact of 
CNTs with a supporting electrode 31. 
In the present study, a robust and scalable method is reported to fabricate 
high-performance CNT line emitters by using a macroscopic mechanical 
clamping process. The process utilizes a handheld metallic tongs to simply 
pick up vertically aligned, super-grown CNTs from a substrate. Upon 
mechanical compression to a CNT forest in a uniaxial direction, the clamped 
CNTs are compressed in the form of a densely packed CNT strip, while the 
CNTs anchored at a substrate are simultaneously detached from a substrate 
and are radially spread out similar to a bunch of flowers. As a result, the CNT 
structure is fabricated into a hemicylindrical shape, strongly held with the 
tongs electrode. The current mechanical clamping process allows the CNT 
emitter to consist of millimeter-scale, solely continuous CNTs and proceeds 
without inducing any defect on the CNTs. Therefore, the fabricated emitter is 
able to retain the intrinsic properties of CNT such as high electrical and 
thermal conductivity. With robust mechanical, thermal and electrical contacts 
created by the mechanical clamping process, the CNT line emitter shows 
superior field emission performances with an emission current of 43 mA, a 
current density of 2700 mA/cm2, and a stable operation of over 10 hours. 
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Furthermore, an extremely high current of 103 mA is achieved by clamping 
multiple CNT forests in a single tongs, showing prompt applicability of the 
present emitter for high-power electron beam sources. 
 
3.2 Experimental section 
 
To prepare the growth substrate, an 18 nm thick aluminum (Al)-barrier layer 
was deposited on a (100) silicon (Si) wafer by electron beam (e-beam) 
evaporation. 1.0 nm thick iron (Fe) thin film as a catalyst for CNT growth is 
deposited by e-beam deposition over the Si substrate. The prepared growth 
substrate was inserted in the center of a 2 inch diameter quartz tube furnace. 
Vertically aligned MWNTs were synthesized at a growth temperature of 
810˚C by introducing C2H2:Ar (210:480 sccm) gases for 16 min. Water vapor 
was introduced into the growth environment by passing a small fraction of 
the argon (Ar) carrier gas through a water bubbler. After the growth process, 
the furnace was cooled to room temperature while maintaining the gas flow. 
A voltage between the CNT cathode and molybdenum (Mo) anode was 
applied using a DC power supply (Matsusada Precision Inc.). The field 
emission current was measured using a multimeter (KEITHLEY 2000). SEM 
analysis was performed using a Hitachi S-4800 field-emission electron 
microscope at an acceleration voltage of 10-15 KeV. Raman spectra were 
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obtained using a micro Raman system (JY-Horiba, LabRam 300) with a 50X 
objective lens (Olympus, NA 0.75). 
 
3.3 Result and discussion 
 
Figure 3-1 shows the procedure for the fabrication of a CNT line emitter. 
Vertically aligned, multi-walled carbon nanotube (MWNT) arrays were 
synthesized on a silicon substrate using water-assisted, chemical vapor 
deposition (CVD) with acetylene as the carbon source (see also Experimental 
section) 91. The as-grown CNT forest has very low density (typically ~0.02 
g/cm3), whereby the CNTs only occupy 3.14% of the forest volume, enabling 
the CNT forest to be a highly compressible material. The MWNTs in the array 
have an average length of ~1.2 mm and the average diameter is determined 
as being 7 nm from transmission electron microscopy (TEM) analysis (Figure 
3-2). 
The clamping process for the CNT forest is schematically illustrated in Figure 
3-1(a). A CNT forest specimen with a dimension of 0.4×0.4 cm2 is placed in 
a metallic tongs that allows uniaxial compression in the lateral direction. The 
tongs made of stainless steel has high electrical (~1.0×106 Sm-1) and thermal 
conductivity (~16 Wm-1K-1) so that it can be used directly as the electrode. A 
clamping depth of a CNT forest was easily controlled using a spacer. When 
  33 
applying uniaxial mechanical compression to the upper part of the CNT forest, 
the individual CNTs in the forest are compressed and concurrently detach 
from the growth substrate. The lateral dimension of the CNT forest at the 
clamped region decreases uniaxially in the form of densely packed CNT strips 
(see the clamped part of CNT forest in Figure 3-1(c)). As the clamping force 
increases, the unclamped CNTs at the bottom part of the forest simultaneously 
undergo bending deformation in the vicinity of the clamp edges. Thus, CNTs 
reach radially outward from the line edge of the clamper as shown in the 
scanning electron microscope (SEM) images in Figure 3-1(b). As a result of 
this process, a hemicylindrical shape of CNT structure strongly held with the 
tongs electrode is achieved as shown in Figure 3-1(d).  
The mechanical clamping method is highly productive and scalable, and is 
able to provide binder-free mechanical, thermal, and electrical contacts 
between the CNTs and the clamper. Moreover, the process allows a CNT 
structure consisting of solely continuous CNTs and proceeds without 
inducing structural damage to the CNTs. Raman analysis confirmed that the 
G/D ratios (~0.96) measured at the clamped CNT region before and after the 
clamping process were almost identical, as shown in Figure 3-3. This 
indicates that the CNT structure retains the intrinsic properties of the 
individual CNT, such as high electrical and thermal conductivity. Therefore, 
the present approach is advantageous for a variety of applications, especially 
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binder-free and high-performance CNT electrodes, and here we demonstrate 
their use as a CNT line emitter.  
 
  





Figure 3-1. (a) Procedure illustrating for the fabrication of a CNT line emitter. 
(b) SEM images of CNTs reaching radially outward from a line edge of the 
clamper. (c) Optic image of the hemicylindrical CNT structure released from 





  36 
 
 
Figure 3-2. (a) Optic image of as grown CNT forest with a height of 1.2 mm, 
(b) TEM image of MWNTs showing a diameter of ~7 nm. 
 
 
Figure 3-3. Raman spectra of the as-grown and clamped CNTs. Almost 
identical G/D ratios of ~0.96 are measured at the clamped CNT region before 
and after the clamping process. 
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It is worth noting that the density of CNTs on the circumference of the 
hemicylindrical structure depends on the radius of the structure. The radius of 
the CNT structure can be easily controlled by adjusting the clamping margin, 
which in turn is precisely controlled by the different spacer thicknesses (see 
Figure 3-4(a)). The field emission characteristics of CNT line emitters were 
measured in a vacuum chamber at a base pressure of 2.0×10-7 Torr. As the 
clamping margin increases from 300 to 700 μm, it was observed that the turn-
on (electric field needed to produce a current density of 100 μA/cm2) and 
threshold (current of 10 mA/cm2) fields decreased from 6.9 and 9.2 V/μm to 
5.4 and 7.7 V/μm, respectively, as shown in Figure 3-4(b) and the inset. We 
believe that the enlarged aspect ratio of CNT emitters and the decrease of the 
screen effect experienced by the individual CNTs in the emitter are attributed 
to the lower turn-on and threshold fields. It is well known that the turn-on 
electric field decreases as the length of CNTs increases 92. Moreover, the 
density of CNTs on the circumference of the hemicylindrical structure 
decreases by increasing its radius as the clamping margin increases. The 









Figure 3-4. (a) Schematic and optic images of CNT line emitters with various 
radiuses by controlling clamping margin. (b) I-V plots of CNT line emitters 
with a radius from 300 to 700 µm. The inset shows plots of current density 
versus electric field. 
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As schematically described in Figure 3-5(a), the fabricated CNT line emitter 
has a hemicylindrical geometry and the CNTs radiate outward from the 
clamping edge. SEM image of emitter surface before treatment is shown in 
the upper panel. Although the midpoint of the emitter circumference has a 
minimum distance from an anode for field emission, the round shape emitter 
is not desirable for achieving high current density due to the broad distribution 
of the electric field along the circumference (Figure 3-6). Two types of post-
treatment were carried out to improve the field emission performances of the 
CNT emitter. (1) First, we cut the “bread-shape” emitter out of both sides of 
a hemicylindrical CNT structure using a razor blade (see the left image of 
Figure 3-5(a)). (2) Second, a few drops of methanol were introduced to the 
surface of the hemicylindrical structure to make capillarity-induced 
densification of CNTs. On the liquid evaporation, van der Waals forces adhere 
to the adjacent CNTs, transforming them into patterned CNT needles with a 
high aspect ratio (see the SEM image in the right panel of Figure 3-5(a)). As 
shown in Figure 3-5(b), the post-treated emitters clearly show the enhanced 
field emission characteristics compared with the as-prepared CNT line emitter. 
The emitter prepared by liquid-densification shows the improved turn-on and 
threshold fields of 5.3 and 7 V/μm, and better improvements are achieved by 
the bread-shape emitter from 6.3 and 8.2 V/μm of the as-prepared emitter to 
4.3 and 6.2 V/μm, respectively. 
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The stability of the field emission is of practical interest at a high current since 
the emitter can easily be damaged due to the oxidation of CNTs by Joule 
heating and ion bombardment of residual gases 94-96. A long-term emission 
stability test was conducted, in which the electric field was maintained 
constant at the level corresponding to 10 mA for 10 hours. As shown in Figure 
3-5(c), the current of the hemicylindrical CNT line emitter becomes degraded 
to a current level of ~9.2 mA, jagged with time. However, for the post-treated 
emitters, it is apparent that the currents are stabilized to ~10 mA with little 
fluctuation, showing better stability in a bread-shape emitter with on-time. 
The emission current density of 10 mA corresponds to approximately 625 
mA/cm2, based on the apparent emission area of the bread-shape emitter, 
which is about 0.016 cm2  
 
  




Figure 3-5. (a) Two types of post-treatment to improve field emission 
performance. (1) Bread-shape emitter by cutting the exterior of both sides 
using razor blade (the left image). (2) CNT needle emitter prepared by liquid 
densification (the right image). (b) I-V plots of post-treated emitters compared 
to the as-prepared CNT line emitter. The inset shows plots of current density 
versus electric field. (c) Emission stability tests of the emitters. The emitters 








Figure 3-6. Optical images and electric field distribution of (a) 
hemicylindrical and (b) bread-shape emitters. Focusing an electric field 
caused by changing the geometry of CNT emitter might lead to the 
improvement in the field emission performances. The electric field was 
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It is important to note that the present approach is highly scalable and 
productive as it does not involve any cumbersome process to manipulate 
intractable CNTs, such as dispersion, binder mixing, and patterning, etc 2, 34, 
97, 98. To demonstrate the scalability of the approach herein, we fabricated a 
CNT multi-emitter that can provide an extremely high current, prepared by 
clamping multiple CNT forests. Several structural and electrical parameters 
can significantly influence the field emission performance in a multi-emitter 
99, 100. Of these factors, making a uniform level of the emitters (i.e., leveling 
the height of the emitters) is an important criterion for superposing the best 
performance of each emitter. The multi-emitter composed of five bread-shape 
emitters (see the inset of Figure 3-7(a)) was fabricated by simultaneously 
clamping all the CNT forests in a single tongs, followed by cutting both sides 
of the hemicylindrical structures. In the present approach, the height of each 
emitter in the multi-emitter is solely determined by the clamping margin, 
without depending on the initial height of the CNT forests, so that the clamped 
CNTs have almost identical heights and geometries, even if the height of as-
grown CNT forests might differ. As shown in Figure 3-7(a), the field emission 
current of the multi-emitter reached the maximum level of 103 mA (that is, 
the maximum level allowed by our power equipment) with a turn-on and 
threshold field of 4.8 and 6.4 V/μm, respectively. The emission stability of 
the multi-emitter was also tested in high emission current levels from 10 to 
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30 mA for 10 hours. As shown in Figure 3-7(b), very stable operations of the 
multi-emitter were observed with on-time, and the current degradation was 
negligible with little fluctuation. We believe that the remarkably high current 
level of 103 mA and emission stability of the multi-emitter could be attributed 
to the uniform geometric length of the emitters and the robust physical contact 
characteristics created by the mechanical clamping. 
  




Figure 3-7. Multi-emitter composed of five bread-shape emitters and 
investigation of emission characteristics. (a) I-V plot of the multi-emitter. The 
inset shows optical image of the fabricated emitter. (b) Field emission stability 
tests of the multi-emitter with a constant current level of 10 to 30 mA. 
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3.4 Conclusion 
 
We fabricated high-performance CNT line emitters using the macroscopic 
mechanical clamping process. By applying mechanical compression with a 
controlled clamping margin to a vertically aligned CNT forest, a 
hemicylindrical shape of CNT structure strongly held with the tongs electrode 
was achieved. With the robust mechanical, thermal, and electrical contacts 
created by the mechanical clamping process, the CNT line emitter, especially 
the bread-shaped emitter, showed superb field emission performance with an 
emission current of 43 mA, current density of 2700 mA/cm2, and stable 
operation of over 10 hours. We also fabricated the CNT multi-emitter 
composed of five bread-shaped emitters. Excellent field emission 
performances, including an extremely high current of 103 mA and emission 
stability for 10 hours, were achieved, showing the significant applicability of 
the present emitter for high-power electron beam sources. Furthermore, the 
present approach is advantageous for a variety of applications, especially 
binder-free and high-performance CNT electrodes. 
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Chapter 4. Holey graphene film as a planar field 
emitter 
 
In this work, we introduce an emitter in the shape of a hole, or hole emitter. 
To achieve high figure of merit and total current, we have investigated a new 
class of planar emitter with holey graphene film for negligible screening 
effect. An array of holes in graphene film can serve as a planar emitter, in 
which each circular hole is an emitter. Because of the nature of the sidewall 
emission through the edge of graphene film, the present planar emitter does 
not need any cumbersome process of leveling off emitter height and 
contriving to obtain the desirable inter-distance between emitters. Therefore, 
the screening effect and the field emission uniformity considered as obstacles 
in developing high efficiency planar emitters are easily resolved by an optimal 
design of the circular hole array. Moreover, the graphene film emitter is so 
flexible that it can be wrapped around a cylindrically shaped anode. This 
flexibility allows the present emitter to be used as a high power electron beam 
source because of the focusing of the emitted electron beams rendered by the 
concavely curved surface. 
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4.1 Background of planar emitter 
 
With the superior field emission performance such as low turn-on voltage, 
high emission current density and long-term emission stability, electron field 
emissions based on graphene and its assembled structures have been 
extensively studied as an alternative to thermionic emission.19, 30, 101 In 
particular, atomically sharp edges of graphene reduces greatly turn-on and 
applied voltages for electron emission owing to the amplification of field 
enhancement.9, 22  
Field emitters can be divided into point and planar emitters, based on their 
geometry and relevant applications. The point emitters are preferred for 
applications in X-ray sources and electron beam instruments because of the 
small spot size for electron emission. Because of the high aspect ratio of point 
emitter, an applied electric field is strongly focused on the tip of the emitter. 
Accordingly, a judicious choice of material and its structural design are 
needed to tolerate the high current density and to prevent irreparable damage 
from Joule-heating for a stable and long-lasting operation with high 
performance.102, 103  
Planar emitters have drawn interest for practical applications in field emission 
display. Chemical vapor deposition (CVD) growth of vertically aligned 
carbon nanotube and graphene sheet, coupled with the screen printing method, 
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is commonly employed to fabricate the planar emitters. All the emitters 
should have the same height to ensure uniform distribution of emission sites 
over the entire surface. Moreover, the field-screening effect caused by the 
proximity of neighboring emitters should be considered in the design of high 
efficiency planar emitters.45, 104 The field-screening dominates the emission 
performance when the emitter is longer than the inter-emitter distance, 
resulting in a decrease in the emission current at a given applied voltage. A 
general design rule, according to a theoretical calculation, is to set the height 
of the emitters to approximately one half the inter-emitter distance to 
minimize the screening effect.29, 105  
Planar emitters do not have the low current problem that the point emitter has 
due to its small emission area. Furthermore, the planar emitter, when made 
flexible, would enable generation of an extremely high density electron beam 
source by the aid of the beam focusing technique. This flexible planar emitter 
would widen the field emission applications to the electron beam source for 
Terahertz generator and the electron beam propulsion of spacecraft. 
In this work, we introduce an emitter in the shape of a hole, or hole emitter. 
An array of holes in graphene film can serve as a planar emitter, in which 
each circular hole is an emitter. Because of the nature of the sidewall emission 
through the edge of graphene film, the present planar emitter does not need 
any cumbersome process of leveling off emitter height and contriving to 
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obtain the desirable inter-distance between emitters. Therefore, the screening 
effect and the field emission uniformity considered as obstacles in developing 
high efficiency planar emitters are easily resolved by an optimal design of the 
circular hole array. Moreover, the graphene film emitter is so flexible that it 
can be wrapped around a cylindrically shaped anode. This flexibility allows 
the present emitter to be used as a high power electron beam source because 




4.2 Result and discussion 
 
Figure 4-1(a) illustrates schematically the field emission based on holey 
graphene film (HGF). The free-standing graphene film, approximately 110 
nm thick, was fabricated by a specialized hydrothermal process followed by 
heat treatment at 1000 °C in Ar/H2 environment. The graphene film has 
excellent physical (Young’s Modulus: 92 GPa, Tensile Strength: 1700 MPa) 
and electrical (Conductivity: 4,900 S/cm) properties. Furthermore, it is 
flexible, and it can be handled with ease despite the small thickness of 110 
nm (Figure 4-1(e)). The circular holes evenly formed on the graphene film 
were precisely patterned through a reactive ion etching (RIE) process. As 
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shown in the figure, the field emission property was measured (Figure 4-2) 
by applying a voltage between the two electrodes of Mo anode on the opposite 
side of HGF cathode. 
The electric field intensity calculated by a commercially available simulation 
program is shown in Figure 4-1(b). An examination of the electric field 
distribution of the cross section of a circular hole (lower part of Figure 4-1(a)) 
reveals that the electric field intensity is two orders of magnitude higher than 
that of graphene film without circular holes (upper part of Figure 4-1(b)). The 
electric field is concentrated intensely along the circumference of the circular 
holes on the graphene film. Therefore, uniform emission performance is 
facilitated even without a leveling process for each emitter (circular hole).  
The scanning electron micrograph (SEM) image of patterned graphene film 
is shown in Figure 4-1(c). The circular hole array was isotropically etched 
using a metal mask with circular holes through an oxygen plasma RIE. With 
the aid of the metal mask, the diameter and intervals of circular holes can be 
designed and a large-area patterning is possible. The graphene film is 
physically strong and remains free-standing even after the RIE as shown in 
Figure 4-1(d). 
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Figure 4-1. (a) Schematic illustration of field emission using HGF. (b) 
Electric field intensity calculated by a commercially available simulation 
program without circular hole (upper part) and with the circular hole (lower 
part). (c) SEM image of the HGF with 500 ㎛ hole array. (d) Optical image 
of the freestanding HGF after RIE etching process. (e) AFM image of 
graphene film, showing the thickness to be 110 nm. 
 
 
Figure 4-2. (a) Schematic illustration of field emission setup using HGF. (b) 
Optical image of the zig for holding the HGF. (c) Optical image of the zig 
after loading the graphene film. 
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To improve the electrical conductivity of the graphene film fabricated by the 
hydrothermal process, the film was heat-treated. The corresponding change 
in the sheet resistance is shown in Figure 4-3(a) as a function of the 
temperature. The sheet resistance was reduced partially during the 
hydrothermal process to approximately 1,400 Ω/□. This resistance can be 
reduced further by removing the residual oxygen functional groups (epoxy, 
hydroxyl, carboxyl groups) through the heat treatment. By performing the 
heat treatment at 1,000 °C in Ar/H2 (30 sccm: 15 sccm), the sheet resistance 
was decreased by two orders of magnitude. The Raman spectra of the 
graphene film are shown in the inset of Figure 4-3(a). As the heat treatment 
temperature was increased, the D(~1350 cm-1)/G (~1580 cm-1) ratio increased 
slightly. At still higher temperatures, more residual oxygen functional groups 
are removed and the D-peak increases further.106, 107 An optical image of a 
hole etched through the graphene film is shown in Figure 4-3(b). The enlarged 
image in the inset reveals that there are many protruding graphene sheets with 
sharp tips and edges along the circumference of the circular holes. These 
protruding features of HGF offer great advantages for excellent field emission 
performance.108 
  





Figure 4-3. (a) Change of sheet resistance and Raman spectrum of graphene 
film (GF) with heat treatment temperature (rGF = reduced GF). (b) Optical 
image of holey graphene film (HGF), showing a hole obtained by RIE etching 
process. The inset shows an SEM image of protruding graphene sheet edges 
along the circumference of the circular hole. 
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The field emission performance of an emitter is largely determined by the 
density of emitters and the screening effect between emitters. To achieve a 
high current density, many emitters per unit area have to be fabricated. On 
the other hand, a rapid decrease in the electric field produced between 
neighboring emitters by the screening effect induces performance degradation 
of all field emitters.29, 45, 104, 105 In the case of the conventional field emitter 
with one-dimensional structure of high aspect ratio, the emitter’s height and 
the inter-emitter distance determine the screening effect.29, 105 In the case of 
the HGF, however, both the screening effect occurring in a single circular 
hole and the screening effect occurring between many circular holes have to 
be considered. 
Figure 4-4(a) shows the current density as affected by the hole size in the 
graphene film, with the film with no hole as the reference. When there is no 
circular hole, almost no field emission occurs because of the absence of the 
electric field concentration. With the presence of holes, on the other hand, an 
enhanced field emission performance results because the electrons are well 
emitted by the electric field concentrated along the circumference of the 
circular holes. In fact, the current density increases as the diameter of the 
circular hole increases for the same electric field (Figure 4-4(a)). As the 
diameter of circular hole increases, so does the emission site area and the 
screening effect decreases. 
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The line plot in Figure 4-4(b) shows the field enhancement factor (β) 
calculated by a commercially available simulation program as a function of 
the hole size. The field enhancement factor is given by 
β = 𝐸𝐸𝑓𝑓𝑜𝑜𝑐𝑐𝑙𝑙𝑓𝑓/𝐸𝐸0                        (1) 
where 𝐸𝐸𝑓𝑓𝑜𝑜𝑐𝑐𝑙𝑙𝑓𝑓 is the local electric field at the emitter surface and 𝐸𝐸0 is the 
applied electric field.33, 71  The simulation result given by a line in the figure 
shows that the enhancement factor increases rapidly with the hole size and 
then reaches a plateau as the hole size reaches 2 mm. The experimental values 
given by dots in the figure also show a trend similar to the simulation result. 
The screening factor (α) derived through the field enhancement factor is given 
by 
𝛽𝛽𝑥𝑥 = 𝛽𝛽0(1 − 𝛼𝛼)                  (2) 
α = exp (−0.0021x)           (3) 
where 𝛽𝛽𝑥𝑥 is the field enhancement factor for the circular hole size x, and 𝛽𝛽0 
is the field enhancement factor without screening effect. The screening factor 
decreases exponentially with the circular hole size as shown in the figure, 
similar to the screening factor of the conventional field emitter.29, 105 
The current density as affected by the number of holes for a fixed hole size is 
given in Figure 4-4(c) as a function of the electric field. The experimental 
results in the figure show that the current density increases with increasing 
number of the holes for the same electric field. The field enhancement factor 
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given in Figure 4-4(d) for both simulation (line plot) and experiment (dot plot), 
however, reveals that it is independent of the number of holes, which implies 
that the screening effect between the circular holes is absent. Therefore, the 
enhanced field emission performance shown in Figure 4-4(c) was the result 
of an increase in the emission area.  
Two major differences distinguish the HGF emitter presented here from the 
conventional field emitter that is based on an 1D structure with high aspect 
ratio. In the first place, there is no dependence of the screening effect on the 
distance between emitters. In the conventional field emitter, on the other hand, 
the screening effect does depend on the separation between emitters unless 
they are separated by more than or equal to twice the 1D structure’s height.29, 
105, 109, 110 Consequently, the electric field intensity decreases due to the 
screening effect when the density of the emitters is high. In contrast, the 
emitter density of the HGF can be increased by integrating the circular holes 
without worrying about the decrease in the field intensity due to the absence 
of the screening effect. In the second place, there is no need for leveling the 
height of emitters. In the conventional emitter, however, an additional height 
leveling process such as electric discharge machining (EDM), electrical 
treatment, and chemical etching is needed after 1D structure arrangement.111-
113 If the height of emitters is not uniform, damages to the emitters occur due 
to the excessive concentration of the local field, and an unstable field emission 
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results. In contrast, high-performance HGF field emitters can be produced 
without height leveling because the circular holes are on a flat graphene film. 
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Figure 4-4. (a) I-V plots of pristine graphene film and HGF with hole diameter 
ranging from 500 to 3000 ㎛. The inset shows the geometry of the HGF. (b) 
Field enhancement factor and screening factor of the HGF as a function of 
the hole size: simulation value (line plot) and experimental value (dot plot). 
(c) I-V plots of HGF for various number of circular holes. The inset shows 
the geometry of the multi-hole HGF. (d) Field enhancement factor of the 
multi-hole HGF as a function of the distance between the holes: simulation 
value (line plot) and experimental value (dot plot). 
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For an optimal integration of the circular holes, we utilize the emission 
current described by the Fowler-Nordheim equation:114, 115 
I = Aa𝜑𝜑−1𝐸𝐸𝑓𝑓𝑜𝑜𝑐𝑐𝑙𝑙𝑓𝑓2exp (−𝑏𝑏𝜑𝜑3/2/𝐸𝐸𝑓𝑓𝑜𝑜𝑐𝑐𝑙𝑙𝑓𝑓)         (4) 
where I is the emission current, A is the emission area of the field emitter, φ 
is the work function of the graphene, A and B are the Fowler-Nordheim 
constants given by 1.56 ×  10−6𝐴𝐴 ∙ 𝑉𝑉−2𝑒𝑒𝑉𝑉, 6.83 × 107𝑉𝑉 ∙ 𝑒𝑒𝑉𝑉−
3
2𝑐𝑐𝑐𝑐−1. 
Figure 4-5(a) shows the simulation result of the normalized emission current 
based on the Fowler-Nordheim equation as a function of the hole size or 
diameter for a graphene film with an area of 1cm2 and a thickness of 100 nm. 
As shown in the figure, a maximum exists with respect to the hole size. The 
optimal value of 1600 ㎛ for the size is the result of the tradeoff between the 
emission area and the field enhancement factor. As the circular hole size 
increases, the field enhancement factor also increases but the emission area 
decreases because a smaller number of holes can occupy a given HGF area. 
On the basis of the optimal value (circular hole size=1600 ㎛) in Figure 4-
5(a), which allows for 16 holes for the given area of 1cm2, the HGF emitters 
were fabricated. Figure 4-5(b) shows that the fabricated HGF emitters can 
deliver a low turn-on field of 1.8 V/㎛ (current density of 10 µA/cm2), a 
threshold field of 2.4 V/㎛ (current density of 1 mA/cm2) and a high current 
density of 40 mA/cm2 at 3.8 V/um. These values represent the HGF emitter 
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performance that is far better than the conventional planar field emitters 
(Figure 4-6).15, 20, 22, 29, 116-121 
Another distinct feature of the HGF emitter is its stability. Figure 4-5(c) shows 
that the HGF emitter can maintain high current densities of 10 and 20 mA/cm2 
stably for 120 hours. Such a stability at the high current densities could be 
due to the uniform height of the emitter and excellent properties of the 
graphene film. The flexible nature of the holey graphene film should enable 
shaping of electron beams through the manipulation of the emission area. The 
result shown in Figure 4-5(d) (Figure 4-7) demonstrates the point, where 
excellent field emission performance is confirmed at the curvature radius of 
1.5 mm. 
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Figure 4-5. (a) The normalized emission current as a function of the hole size 
for the optimal design of HGF. (b) I-V plots of HGF with a diameter of 1600
㎛. The inset shows optic image of the HGF. (c) Field emission stability tests 
of the HGF with a constant current density level of 10 and 20 mA/cm2 for 120 
hours. (d) I-V plots of HGF with a curvature radius of 1.5 mm. The inset 
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Figure 4-6. Performance comparison of this work with other planar emitters 
fabricated by various structures such as graphene film, graphene hybrid film, 
graphene CNT hybrid film, CNT film, CNT hybrid film.15, 20, 22, 29, 116-121 The 
HGF planar emitter shows an outstanding performance with a high current 




Figure 4-7. Schematic illustration of flexible field emission setup using HGF 
for focused electron beam.  
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4.3 Conclusion 
 
In summary, a new class of planar emitter has been introduced that 
outperforms by far the conventional planar emitter. An array of holes etched 
through a graphene film constitutes the holey planar emitter. In this emitter, 
the applied electric field is concentrated on the edge along the circumference 
of each hole and the edge of graphene film provides efficient field emission 
sites with a great amplification of field enhancement. The optimal hole size 
and the number of holes for a given film area can be obtained with the aid of 
Fowler-Nordheim equation. Unlike the conventional planar emitter, there is 
no dependence of the screening effect on the distance between emitters and 
neither is there a need for leveling the height of emitters because of the nature 
of the holey graphene film (HGF). Another distinct feature of the HGF emitter 
is its stability with time at high current density. The flexible nature of the 
HGF should be advantageous for a variety of applications, especially for 
flexible high-power electron beam source that can be obtained by focusing 
high-density electron beams.  
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Chapter 5. Carbonized cork emitter for 
multidimensional field emission 
 
To broaden the range of application of electron beams, low power field 
emitters are needed that are miniature and light. We introduce here carbonized 
cork as a material for field emitters. To achieve high figure of merit and high 
current, we have investigated the uniform hexagonal honeycomb structure of 
cork for high field enhancement factor and negligible screening effect. The 
light natural cork becomes graphitic honeycomb upon carbonization, with the 
honeycomb cell walls 100-200 nm thick and the aspect ratio larger than 100, 
providing an ideal structure for the field electron emission. Compared to 
nanocarbon field emitters, the cork emitter produces a high current density 
and long-term stability with a low turn-on field. The nature of cork material 
makes it quite simple to fabricate the emitter. Furthermore, any desired shape 
of emitter tailored for the final application can easily be prepared for point, 
line, or planar emission. 
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5.1 Background of low turn-on field emitter 
 
Electron beams are widely employed in various applications, including X-ray 
photography and computed tomography (CT) scans in hospitals, fault 
detection of semiconductor devices, airport security, and terahertz 
generation.1-3 Moreover, electron beam generators are progressively 
becoming more miniaturized, light-weighted, and low-powered so that they 
can be applied to diverse areas.  
Although thermionic emission, an emission resulting from heating a source 
to a high temperature, is the most common way of generating an electron 
beam, it is yet to overcome disadvantages such as high power consumption, 
complicated structure, and difficulty in operation.4, 5 Carbon-based nano-
materials have been utilized to relieve these limitations. With excellent 
mechanical, electrical, and thermal properties of these carbon-based materials, 
and their natural sharp edges that are highly suitable for focusing electric 
fields, excellent field-emission performance should result such as low turn-
on electric field, high emission current density, and long-term stability.6-8 In 
particular, graphene, a two-dimensional sheet consisting of sp2-hybridized 
carbon atoms, is receiving much attention due to its superior electric field 
enhancement capability, originating from the atomically sharp edges of its 
layered structure.9, 10  
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Various methods have been developed to form a graphene structure that is 
suitable for field emission such as direct growth, electrophoretic deposition 
(EPD), ion-mediated assembly (IMA), spin coating, screen printing, and 
transfer processes.11-24 These methods, however, require a high-temperature 
chemical vapor deposition (CVD) process, a complicated oxidation process 
to make the graphene oxide solution, or a cumbersome transfer process which 
makes fabrication very difficult. The graphene sheets in the graphene 
structure fabricated by these methods are usually randomly oriented and the 
protruding graphene sheets cause a local concentration of electric field, 
leading to excessive field emissions and eventually destruction due to Joule 
heating.25, 26 Presence of randomly oriented dense graphene sheets, on the 
other hand, decreases the electric field due to screening effect,27-29 resulting 
in an inefficient electric field distribution and hence imposing a limit on the 
field emission enhancement.  
In this work, we introduce carbonized cork (C-cork) as a high-performance 
field emitter. Pristine cork (P-cork), a protective tissue of plants formed 
around the peripheries of the stems or roots, exhibits a highly organized 
structure with pores of several tens of micrometer size evenly arranged. This 
highly organized structure is optimal for a field emitter because it allows for 
uniform concentration of electric fields. A carbonization process can 
transform the cork into the C-cork with graphitic sheet. We utilize this C-cork 
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as a material for mass-producing the field emitter in one single step. A high-
performance, low-power field emitter that can be manufactured in various 
forms is developed using the natural organic material, cork. 
 
5.2 Experimental section 
 
Cork is a protective tissue that grows between the outer and inner bark of cork 
oak trees with a highly organized structural arrangement. Cork comprises 42 
million cells per cubic centimeter, and the cell walls form a hexagonal 
honeycomb structure. The cell walls of the cork consist of suberin, lignin, and 
cellulose, and are approximately 1–2 ㎛  thick. If the cork is heated to 
1000 °C in argon gas, the organic substances of the cell walls are converted 
into a polyaromatic carbon material as a result of the carbonization,122 
resulting in carbonized cork or C-cork. During the carbonization process, the 
1–2 ㎛ cork cell walls become graphitic sheets approximately 100–200 ㎚ 
thick, acquiring a high aspect ratio (~133). 
To fabricate various emitters, the P-cork was first cut into 500㎛ thick disks 
using a microtome (MICROM Lab, HM 340 E), and this P-cork disk was 
converted to C-cork disk by carbonization. For the planar emitter, four sides 
of the C-cork disk were cut and the flat rectangular surface was used as the 
emission site. For the line emitter, a narrow block was made by cutting the 
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disk and the upper surface in stripe shape was used as the emission site. For 
the point emitter, the edges of a square pillar- shaped C-cork was ground to 
form a pointed end for the emission site (Figure 5-1). 
The field emission characteristics were measured under 3.0 x 10-7 Torr. A 
voltage between C-cork cathode and a metal anode (Molybnedum) was 
applied using a DC power supply (Matsusada Precision Inc.). The emission 
current was measured using a multimeter (Keithley 2000). This emission 
current was divided by the apparent area of emission plane to obtain the 
current density (Figure 5-1). The electrical conductivity of C-cork was 
measured using a 4 point probe (Changmin, FPP-5000). Scanning electron 
microscopy (SEM) analysis was performed using a Hitachi S-4800 field 
emission electron microscope at an acceleration voltage of 10-15 KeV. X-ray 
photoemission (XPS) experiments were carried out by using a XPS 
spectrometer (Kratos, AXIS-HSi). The Raman spectra were measured using 
a micro-Raman system (JY-Horiba, LabRam 300) with excitation wavelength 
of 532 nm. Thermo-gravimetric analysis (TGA) was carried out under air 
environment with a thermo-gravimetric analyzer (Discovery TGA, TA 
Instruments) at a heating rate of 10 °C min-1. High resolution transmission 
electron microscopy (HRTEM) is used to image the structure of C-cork. The 
HRTEM study was carried out using a JEM-3010(JEOL Ltd, Japan). Prior to 
observation, TEM grids were prepared as following: the C-cork was finely 
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crushed, then dispersed in N,N-Dimethylformamide(DMF) using sonication 
for 4h. A droplet of the obtained suspension was deposited on a copper grid 
and dried. 
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5.3 Result and discussion 
 
Field emission involves tunneling of electrons from the surface of a solid into 
a vacuum, under the influence of an external electric field.70-72 Therefore, a 
structure that allows easy transfer of electrons and strong focus of the electric 
field is suitable for field emission. The scheme of field emission by the C-
cork is illustrated in Figure 5-2(a). Each of the vertically oriented graphitic 
sheets serve as an excellent field emission site and emits electrons into the 
vacuum. Because the graphitic sheets are a single structure formed by the 
growth of tree, all graphitic sheets are well interconnected without any contact 
resistance, allowing for the favorable movement of electrons and efficient 
field emission.  
The electric field intensity at the emission site was analyzed using a 
commercial simulation program (Figure 5-2(b)). The result shows that the 
electric field is highly focused at the top and edge of the graphitic sheets. 
Figure 5-3 reveals the dependence of the field enhancement factor (β) on the 
distance between emitters as estimated from electrostatic calculations.27-29 
The field enhancement factor indicates a degree of electric field enhancement 
due to the field emitter’s geometric effect. As shown in the figure, the field 
enhancement effect diminish rapidly, due to the screening effect, for distances 
between emitters less than 20 ㎛ for the given height of 20 ㎛. Due to the 
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uniform hexagonal honeycomb structure of C-cork, approximately 30 ㎛ in 
size, the screening effect of C-cork is negligible. Therefore, the field emission 
performance benefits from a highly regular structure that does not cause the 
screening effect.  
Physical changes that occur due to the carbonization were examined with a 
P-cork sectioned to a thickness of 500 ㎛ . Figure 5-2(c) shows that the 
brownish P-cork became black upon carbonization but still maintains its 
original form without any physical damage or deformation. Therefore, any 
desired shape of C-cork can be prepared by simply shaping the P-cork as 
desired (Figure 5-1). This feature is highly advantageous for the manufacture 
of field emitters with the shape tailored for targeted electron beams (Figure 
5-4). Figure 5-2(d) reveals the changes that occur to the cork walls when the 
cork is carbonized. As shown, the graphitic sheets became transparent due to 
the carbonization, allowing the lower layers of the graphitic sheets to be 
observed, thus revealing a uniformly organized structure. The enlarged SEM 
image shows that the fabricated graphitic sheet has sharp edges 100-200 nm 
thick and very flat surface. The cutting plane of cork was chosen in such a 
way that the walls of honeycomb cell lie in parallel to the applied field to 
induce a local enhancement of electric field.  
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Figure 5-2. Field emission mechanism and structure of C-cork. (a) Schematic 
illustration of field emission from C-cork. (b) Simulated electric field 
intensity at the graphitic sheet. (c) Optical image of cork before (P-cork) and 
after carbonization (C-cork). (d) Scanning electron microscope (SEM) 
images of C-cork. 
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Figure 5-3. Dependence of the field enhancement factor of C-cork with multi 
emitter (βmulti) and single emitter (βsingle) on the distance between emitters as 
estimated from electrostatic calculations. 
 
 
Figure 5-4. Optical images of cork in various forms before and after 
carbonization. 
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The physical change in the cork is highlighted in Figure 5-5. The P-cork 
shows opaque, thick cell walls, approximately 1–2 ㎛  thick, with large 
wrinkles. On the other hand, the C-cork carbonized at 1000 °C shows 
similarly sized pores as before the carbonization but thinner cell walls 100-
200 nm thick that have been converted to graphitic sheets. Thinning of the 
graphitic sheets occur due to pyrolysis of the contaminants and carbonization 
of the organic substances during the heat treatment. Even when the 
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Figure 5-5. Physical changes in cork structure accompanying carbonization. 
(a-c) Low- and high-resolution SEM images of P-cork. (d-f) Low- and high-
resolution SEM images of C-cork. 
 
 
Figure 5-6. SEM images of P-cork and C-cork with various carbonization 
temperature.  
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To ascertain whether the cork walls convert to graphitic sheets upon 
carbonization at 1000 °C,  XPS analyses were conducted for both P-cork 
(Figure 5-7(a)) and C-cork (after carbonization, Figure 5-7(b)). The results 
for the C-cork show that among the major peaks of the P-cork, the C-O-C 
(epoxy/alkoxy) bond at 286.6 eV became greatly weakened, whereas the C-
C bond at 284.6 eV remained the same, an indication that a large number of 
the epoxy and alkoxy groups in the P-cork were effectively removed during 
the carbonization process.123, 124 Both the C-OH (alcohol) bond at 285.6 eV 
and the C=O (carbonyl) bond at 288.4 eV were also shown to be greatly 
reduced. Another instrumental method used was Raman spectroscopy. As 
shown in Figure 5-7(c), D- and G-peaks appear after the carbonization (C-
cork) that were absent in the case of the P-cork. Furthermore, the intensity 
ratio of the D to G band is shown to progressively increase from 0.85 to 0.90 
with increasing carbonization temperature, indicating that as the 
carbonization temperature increases, more oxygen functional groups of the P-
cork are removed at higher temperatures.106, 125 The electrical conductivities 
determined for both P-cork and C-cork (Figure 5-7(d)) reveal that the P-cork 
is an insulator whereas the C-cork is a conductor. The C-cork conductivity 
increases with increasing temperature, which indicates that the oxygen 
functional groups, which hinder electron movement, are successfully 
removed.106, 126 As XPS and Raman do not clearly define whether the C-cork 
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is graphitic carbon or amorphous carbon, a thermo-gravimetric analysis was 
also carried out as shown in Figure 5-7(e). Given the oxidation temperatures 
of amorphous carbon and graphitic carbon,127-131 C-cork carbonized at 
1000 °C is expected to have a structure between amorphous carbon and 
graphitic carbon, similar to the results reported earlier on the carbonization of 
wood.132, 133 The crystalline property of C-cork was investigated by high-
resolution transmission electron microscopy (HRTEM). As shown in Figure 
5-7(f) and Figure 5-8, C-cork is comprised of amorphous domains and short-
range graphitic domains, which agrees with the result of TGA. The average 
interlayer spacing of graphitic domain was ~0.343 nm, which is slightly larger 
than that of pure graphite (0.335 nm), implying the turbostratic stacking in C-
cork. 134, 135 
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Figure 5-7. Graphitic nature of carbonized cork. (a-b) XPS spectra before (P-
cork) and after carbonization (C-cork), respectively. (c) Raman spectra, (d) 
Electrical conductivity of P-cork and those of C-cork at various carbonization 
temperatures. (e) Thermo-gravimetric analysis, (f) HRTEM images of C-cork 
carbonized at 1000 °C 
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With the confirmation, field emission experiments were conducted using the 
C-cork carbonized at 1000 °C. The C-cork was physically robust and free-
standing, allowing for easy scaling-up, as shown in Figure 5-9(a), (c). The flat 
surface of the C-cork, approximately 1 cm2 in area, was used as the emission 
site for the planar emitter. The edge of the C-cork, approximately 500 ㎛ 
thick, was used as the emission site for the line emitter. The setup used for 
the field emission performance of the C-cork emitters is illustrated in Figure 
5-9(a), (c). 
The experiments were carried out in a vacuum chamber at a base pressure of 
3.0 x 10-7 Torr. The C-cork tightly compressed in the slot between two 
stainless steel jigs is the cathode as shown in Figure 5-10. A voltage was 
applied and the current flow between the cathode and anode was measured. 
Figure 5-9(b) shows that the C-cork planar emitter provides a high maximum 
current density of 70 mAcm-2. A long term stability with 10 and 30 mAcm-2 
is also demonstrated in the figure. Figure 5-9(d) displays the performance of 
the C-cork line emitter, showing a low turn-on field (electric field needed to 
produce a current density of 10 ㎂㎝-2) of 0.93 V ㎛-1 as well as a high 
maximum current density of 41 mAcm-2. The low turn-on field of C-cork line 
emitter can be attributed to the edge that constitutes the line emitter, which 
could focus the electric field, compared to the planar emitter. 
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Compared to those previous nanocarbon field emitters, the field emission 
characteristics exhibit a very low turn-on field and a high maximum current 
density. This excellent field emission performance is attributed to the vertical 
graphitic sheets with sharp edges 100–200 nm thick. 
The walls of honeycomb cell on the edge of the C-cork are vertical, inducing 
a local enhancement of strong electric field (see the cross-sectional SEM 
images of C-cork line emitter in Figure 5-11). 
 
  





Figure 5-9. Photographs of emitter and field emission performance of C-cork.  
Optical front (a) and side (c) images of C-cork. Schematic illustrations of 
planar and line emitter, emitting electrons from the C-cork surface, along with 










Figure 5-10. Setup for field emission test of line and planar emitter. The 
molybdenum anode is at the bottom, and the stainless steel jig is used for 
compressing the cork for C-cork line and planar emitter. 
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High aspect ratio of 133 of the graphitic sheet, approximately 20 ㎛ in height, 
induced a local enhancement of strong electric fields. Furthermore, there was 
almost no screening effect, which occurs when emitters are excessively dense, 
because the graphitic sheets were spaced out from one another by 30 ㎛ due 
to the pores that are naturally produced through the tree’s growth and 
development. 
In essence, the outstanding field emission performance of C-cork is achieved 
by negligible screening effect due to the uniform hexagonal honeycomb 
structure and the completely continuous graphitic sheet structure with high 
aspect ratio without any contact resistance (a cross-sectional SEM image of 
C-cork is shown in Figure 5-12).  
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A point emitter was also fabricated by mechanically grinding the C-cork, 
using a fiber that is 250 ㎛ in diameter (Figure 5-13(a)). Because C-cork is 
similar to pencil lead, it can be easily shaped into various forms through the 
repetitive mechanical grinding. Even after the mechanical processing, the 
graphitic sheets maintained their original shape and sharp edges. Specifically, 
the sharp edges of the graphitic sheets protrude at the top or edge of the point 
emitter, which yields an outstanding field emission performance. 
The C-cork fiber-based point emitters have a low turn-on field of 0.7 V ㎛-1 
as well as a high maximum current density of 45 ㎃㎝-2, as shown in Figure 
5-13(b-c). Since the electric field is focused at the tip of the fiber in point 
emitters, a stronger electric field enhancement is observed, compared to the 
line emitters.  
The Fowler-Nordheim (F-N) equation is useful for the analysis of field 
emission performance: 136-138 




)            (1) 
where J is the emission current density, φ is the work function of the graphite 
(5.0 eV), β is the field enhancement factor, and a and b are the Fowler-
Nordheim constants, given as 1.56 ×  10−6 𝐴𝐴 ∙ 𝑉𝑉−2 ∙ 𝑒𝑒𝑉𝑉, 6.83 × 107 𝑉𝑉 ∙
𝑒𝑒𝑉𝑉−
3
2 ∙ 𝑐𝑐𝑐𝑐−1 , respectively. The field enhancement factor (β) indicates the 
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             (2) 
where φ is the work function of the graphite (5.0 eV), b is a constant (6.83 ×
 107 𝑉𝑉 ∙ 𝑒𝑒𝑉𝑉−
3
2 ∙ 𝑐𝑐𝑐𝑐−1), and m is the slope of the F-N curve. The inset of Figure 
5-13(c) shows the F-N curve of the C-cork point emitter. The slope of the F-
N curve (m=-6.2±0.1) yields the C-cork point emitter’s field enhancement 
factor, which is 1.2 × 104, a remarkably high value resulting from the sharp 
edges of graphitic sheets and the fiber-type structure. This high enhancement 
factor ensures sufficient tunneling of electrons from the graphitic sheet 
surface through barriers, which results in a low turn-on electric field. 
Therefore, the emitter can provide a lower operating voltage and energy 
consumption, and a longer lifetime than commercial devices. The long-term 
stability of the C-cork point emitter was tested as shown in Figure 5-13(d). 
During the operation (approximately 12 h), the current density remained 
invariant at 10 and 30 mAcm-2. The excellent stability of the emitter is 
attributed to the regular honeycomb surface morphology of the C-cork. 
Highly dense emission sites on the regular honeycomb surface with negligible 
screening effects assure a long-term stability without degradation of current 
density. 
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We compared the field emission performance of nanocarbon field emitters 
fabricated by various methods, such as graphene/rGO with EPD, spin coating, 
screen printing, and direct growth, and CNT with transfer method, direct 
growth, and others (Figure 5-13(e)).11-24, 139-149 A striking feature of the 
performance is that the maximum current density is high and yet the turn-on 
voltage is very low. The high aspect ratio of the graphitic sheets and the 
absence of screening effect were responsible for the low turn-on voltage. 
Excellent electrical property of graphitic sheets and absence of contact 
resistance due to continuous structure of the sheets led to the high maximum 
current. 
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Figure 5-13. SEM images and field emission performance of point emitter of 
C-cork fiber. (a) SEM images of C-cork fiber from the tip and edge side. Field 
emission performances of C-cork point emitter at the region of (b) low and (c) 
entire electric field and the F-N curve of the C-cork point emitter. (d) Long-
term stability of the C-cork point emitter with a current density of 10 and 30 
mAcm-2 for 12 h. (e) Comparison of turn-on field and maximum current 
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density that have been reported in the literature for nanocarbon field 
emitters.11-24, 139-149  
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5.4 Conclusion 
 
In summary, we have demonstrated that the natural cork-based electron beam 
generator in the form of carbonized cork consumes a power much lower than 
the nanocarbon based generators for the same level of emitter performance. 
The cork emitter produces a high current density and long-term stability at 
the lowest turn-on field reported to date for nanocarbon emitters. The natural 
cork becomes graphitic honeycomb upon carbonization, with the cell walls 
100-200 nm thick and the aspect ratio larger than 100, providing an ideal 
structure for the field emission. The nature of cork material makes it quite 
simple to fabricate the emitter. Furthermore, any desired shape of emitter 
tailored for the final application can easily be prepared. The fabrication of the 
cork emitter is not only facile and inexpensive but also eco-friendly. Other 
processes require a harmful chemical reaction, complicated manufacturing 
process, and cumbersome orientation process of nano carbon materials. 
Although the cork may not be scalable because of its ‘biological’ structure, 
the emitters made from the cork can be arrayed for large scale applications. 
With the features of lightness in weight and miniaturization capability 
comparable to commercial devices, the cork emitter introduced here would 
broaden the range of electron beam applications and bring the emitter closer 
to our daily lives.  
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Chapter 6. Conclusions 
 
In this thesis, four novel approaches were developed in terms of fabricating 
the multidimensional field emitters. With the features of high current density 
and low turn-on field comparable to commercial devices, the nanocarbon 
field emitter introduced here would broaden the range of electron beam 
applications and bring the emitter closer to our daily lives. 
1) CNT point emitter with graphene interfacial layer: In the present study the 
adoption of graphene as an interfacial layer between metal and CNT has been 
investigated. High quality graphene was uniformly grown on a copper wire. 
The interfacial graphene layer results in dramatic decrease of electrical 
contact resistance by an order of 2, and the increase of the interfacial thermal 
conductivity by 16%. Such a high improvement in electrical and thermal 
interface leads to the superior field emission performance with a very low 
turn-on field and a threshold field, as well as the maximum current. The 
emitter also shows stable emission characteristics with a high current for 10 
hours. 
2) CNT line emitter using clamping process: By applying mechanical 
compression with a controlled clamping margin to a vertically aligned CNT 
forest, a hemicylindrical shape of CNT structure strongly held with the tongs 
electrode was achieved. With the robust mechanical, thermal, and electrical 
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contacts created by the mechanical clamping process, the CNT line emitter, 
especially the bread-shaped emitter, showed superb field emission 
performance and stable operation of over 10 hours. We also fabricated the 
CNT multi-emitter composed of five bread-shaped emitters. Excellent field 
emission performances, including an extremely high current of 103 mA and 
emission stability for 10 hours, were achieved, showing the significant 
applicability of the present emitter for high-power electron beam sources 
3) Holey graphene film as a planar field emitter: In summary, a new class of 
planar emitter has been introduced that outperforms by far the conventional 
planar emitter. An array of holes etched through a graphene film constitutes 
the holey planar emitter. In this emitter, the applied electric field is 
concentrated on the edge along the circumference of each hole and the edge 
of graphene film provides efficient field emission sites with a great 
amplification of field enhancement. The optimal hole size and the number of 
holes for a given film area can be obtained with the aid of Fowler-Nordheim 
equation. Unlike the conventional planar emitter, there is no dependence of 
the screening effect on the distance between emitters and neither is there a 
need for leveling the height of emitters because of the nature of the holey 
graphene film.  
4) Carbonized cork emitter for multi-dimensional field emission: In summary, 
we have demonstrated that the natural cork-based electron beam generator in 
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the form of carbonized cork consumes a power much lower than the 
nanocarbon based generators for the same level of emitter performance. The 
cork emitter produces a high current density and long-term stability at the 
lowest turn-on field reported to date for nanocarbon emitters. The natural cork 
becomes graphitic honeycomb upon carbonization, with the cell walls 100-
200 nm thick and the aspect ratio larger than 100, providing an ideal structure 
for the field emission. The nature of cork material makes it quite simple to 
fabricate the emitter. Furthermore, any desired shape of emitter tailored for 
the final application can easily be prepared. The fabrication of the cork emitter 
is not only facile and inexpensive but also eco-friendly. Other processes 
require a harmful chemical reaction, complicated manufacturing process, and 
cumbersome orientation process of nano carbon materials. Although the cork 
may not be scalable because of its ‘biological’ structure, the emitters made 
from the cork can be arrayed for large scale applications. 
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초    록 
 
나노탄소 물질은 우수한 물성과 높은 종횡비의 구조적 장점을 갖고 있어 
전계방출소재로 각광받고 있다. 다양한 제작방법을 통해 조립된 
나노탄소 구조체는 나노스케일의 얇은 모서리와, 뾰족한 가시 구조 
그리고 전기적, 열적, 화학적으로 강건한 물성을 통해 낮은 문턱전압, 
고전류밀도, 장시간 동작안정성과 같은 우수한 성능을 나타낸다.  
본 논문에서는 나노탄소 물질에 기반한 다차원 조립법을 통해 고성능 
전계방출소자를 개발하였다. 1) 탄소나노튜브 기반 포인트 에미터를 
제작하고 그래핀을 이용하여 금속-탄소나노튜브 계면 특성 극대화 
연구를 수행하였다. 2) 탄소나노튜브 기반 라인형 에미터를 제작하여 
대면적 고전류 방출 소자에 관한 연구를 수행하였다. 3) 그래핀 필름 
기반 다공성 평판형 에미터를 제작하여 새로운 기작의 전계방출 소자 
연구를 수행하였다. 4) 탄화코르크 기반의 다차원 에미터를 제작하여 
낮은 문턱전압의 저전력 전계방출 소자 연구를 수행하였다. 본 연구를 
통해 개발된 우수한 성능의 나노탄소 기반 전계방출소자는 X-ray, CT 
단층촬영, 비파괴검사, 공항보안, 테라헤르츠 발진과 같은 다양한 응용이 
가능할 뿐만 아니라, 소형·경량화를 통해 체내 삽입형 의료기기나 
웨어러블 디바이스와 같은 미래형 응용이 기대된다. 
 
주요어: 전계방출, 포인트 에미터, 라인형 에미터, 평판형 에미터, 계면, 
그래핀, 탄소나노튜브, 문턱 전계, 전류 밀도 
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